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The Ltn1 E3 ligase (listerin in mammals) has emerged as a paradigm
for understanding ribosome-associated ubiquitylation. Ltn1 binds to
60S ribosomal subunits to ubiquitylate nascent polypeptides that
become stalled during synthesis; among Ltn1’s substrates are aber-
rant products of mRNA lacking stop codons [nonstop translation
products (NSPs)]. Here, we report the reconstitution of NSP ubiqui-
tylation in Neurospora crassa cell extracts. Upon translation in vitro,
ribosome-stalled NSPs were ubiquitylated in an Ltn1-dependent
manner, while still ribosome-associated. Furthermore, we provide
biochemical evidence that the conserved N-terminal domain (NTD)
plays a significant role in the binding of Ltn1 to 60S ribosomal sub-
units and that NTD mutations causing defective 60S binding also
lead to defective NSP ubiquitylation, without affecting Ltn1’s intrin-
sic E3 ligase activity. Finally, we report the crystal structure of the
Ltn1 NTD at 2.4-A resolution. The structure, combined with addi-
tional mutational studies, provides insight to NTD's role in binding
stalled 60S subunits. Our findings show that Neurospora extracts
can be used as a tool to dissect mechanisms underlying ribosome-
associated protein quality control and are consistent with a model in
which Ltn1 uses 60S subunits as adapters, at least in part via its NTD,
to target stalled NSPs for ubiquitylation.
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he conservation of the Ltnl E3 ligase among eukaryotic or-

ganisms suggests that it has an important function; accordingly,
mutations of the Ltnl mouse ortholog can cause embryonic le-
thality or neurodegeneration (1). Using Saccharomyces cerevisiae as
a model to elucidate Ltn1’s function, we uncovered a role for yeast
Ltnl (also known as Rkrl) in a pathway of protein quality control
(PQC) that is associated with the 60S ribosomal subunit (2). This
finding was important because, although it has long been known
that PQC mechanisms are critical to maintain protein homeostasis
and cellular fitness, only a few pathways mediating the surveillance
of aberrant proteins in eukaryotes have been uncovered to date
(3-6). In addition, because defective PQC is a hallmark of neuro-
degenerative diseases (3-6), the above findings suggested that the
Ltnl yeast model might be predictive of basic molecular mecha-
nisms underlying the mouse neurodegenerative phenotype.

Ltnl orthologs are ~150- to 180-kDa proteins harboring an
E3-catalytic RING domain at the C-terminal end, and an N-terminal
domain (NTD) (2). These two conserved regions are separated by a
long HEAT repeat domain of ~85 kDa that is less conserved at
the primary amino acid sequence level (2, 7). Our studies in yeast
had uncovered Ltnl as the critical E3 ligase targeting aberrant
proteins encoded by mRNA lacking stop codons (“nonstop
mRNA”) for ubiquitylation and proteasomal degradation (2). Ri-
bosomes translating nonstop mRNA proceed through the poly(A)
tail, which encodes polyLys. Presumably due to electrostatic inter-
actions with the ribosomal nascent chain exit tunnel, nascent polyLys

www.pnas.org/cgi/doi/10.1073/pnas.1605951113

causes translation elongation to halt (8-10), eventually leading to the
recruitment of Ltn1, which is vastly substoichiometric with regard to
translating ribosomes (2). This phenomenon is not specific to poly-
Lys because fusing a homopolymeric tract of either Lys or Arg to a
stop codon-containing reporter protein, as well as internal polybasic
tracts in endogenous proteins, is able to halt translation and promote
Ltnl-mediated degradation (11-13). Furthermore, it is now known
that other mechanisms preventing translational elongation or ter-
mination (e.g., mRNA truncation) can also result in Ltn1-mediated
ubiquitylation of nascent chains (e.g., refs. 13 and 14).

There is no evidence to suggest that Ltn1 itself can directly sense
elongation-halted ribosomes; rather, it has been proposed that such
ribosomes are instead primary substrates of ribosome-splitting
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Fig. 1. Newly synthesized NSPs are ubiquitylated in Neurospora extracts in an Ltn1-dependent manner. (A) Diagram of templates used for in vitro translation,
encoding flag-GFP53 (fGFP-s), the equivalent nonstop protein (fGFP-K12), equivalent proteins fused to homopolymeric tracts of 12 lysines (fGFP-K12-s), arginines (fGFP-
R12-s), or glutamates (fGFP-E12-s); “s" indicates that the encoding mRNA harbor four in-frame stop codons. (B) Nonstop proteins synthesized in Neurospora extracts
become ubiquitylated in an Ltn1- dependent manner. Three hundred nanograms of mRNA encoding fGFP-s or fGFP-K12 reporters were used to program translation
reactions (30 pL) prepared from WT or Ltn1-deficient (Aftn1) strains for 30 min. Reaction products denatured with 1% SDS were diluted 10-fold and used for im-
munoprecipitation (IP) using anti-flag antibody. IPed proteins were used for immunoblots against ubiquitin (Ub) or flag. (C) The NSP ubiquitylation defect of Ltn1-
deficient extracts is not due to the presence of trans-acting inhibitors. fGFP-K12 was synthesized in WT or Aftn1 extracts, or in a 1:1 WT:Aftn1 extract mixture. Reaction
products were analyzed for ubiquitylation as in B. (D) Ltn1-deficient extracts are competent for de novo ubiquitylation. WT and Aftn1 extracts were incubated with
GST-tagged ubiquitin (GST-Ub; 10 uM) in the presence of 1 mM ATP for 10 min at 26 °C as indicated, and the ligation of GST-Ub to proteins in the extract (as revealed
by the formation of a smear) was examined by anti-GST immunoblot. The arrowhead indicates free GST-Ub. Dashed lines indicate that lanes were removed from the
original image. (E) Recombinant Ltn1 restored NSP ubiquitylation activity to Aftn1 extracts. Recombinant, flag-tagged WT yeast Ltn1 or a mutant lacking the catalytic
RING domain (Ltn1-AR) was added at 40 nM to Aftn1 extract, as indicated, before translation using 300 ng of fGFP-K12-encoding mRNA (full-length GFP used for this
experiment). Ubiquitylation of fGFP-K12 was measured as in B. Dashed lines indicate that lanes were removed from the original image. (F) Proteins encoded by stop
codon-containing mRNA, but harboring polybasic tracts, are targeted by Ltn1. WT or Altn1 extracts were programmed with 300-ng templates encoding fGFP

appended with a C-terminal tract of 12 Lys, Arg, or Glu, as represented in A. Reaction products were analyzed for ubiquitylation as in B.

rescue systems such as Dom34-Hbs1-Rlil (13, 15-17). Dom34/
Pelota and Hbsl are homologous to the translation termination
factors eRF1 and eRF3, respectively. The Hbs1 GTPase loads Dom34
onto translationally halted ribosomes in a stop codon-independent
manner, followed by Hbsl dissociation and Dom34-mediated
recruitment of the Rlil/ABCE1 ATPase; Rlil, in turn, mediates
splitting of the 60S and 40S subunits (15-17). However, unlike
eRF1, Dom34 lacks nascent peptidyl-tRNA hydrolase activity. As a
result, among the products of the Dom34-mediated reaction are 60S
subunits that remain stalled with tRNA-conjugated nascent chains; it
is such an abnormal complex that seems to be targeted by Ltn1 (13,
15-17). Consistent with these findings, Hbs1 was required upstream
of Ltn1 for stalled chain ubiquitylation in the rabbit reticulocyte ly-
sate (RRL) system (13), and Ltn1 is predominantly associated with
60S ribosomal subunits in steady state (2, 11, 12).

Ltn1 has been found to function as a subunit of the ribosome-
associated protein quality control (RQC) complex (11, 12).
In this complex containing stalled 60S subunits, the Rqc2/Tae2
subunit was initially shown to function in stabilizing Ltnl
binding (12). Ltn1’s E3 activity and the Rqcl subunit of the
complex were both required for recruitment of the AAA
ATPase Cdc48/p97/VCP and its cofactors Npl4 and Ufdl (11,
12, 18). Finally, Cdc48 was proposed to extract the ubiquity-
lated nascent polypeptide from the stalled 60S subunit and
deliver it to the proteasome (18). Thus, Ltnl-mediated ubiqg-
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uitylation seems to play a role both in extracting stalled chains
and in targeting them for elimination.

More recently, cryo-EM structures of Ltnl/listerin in complex
with Rqc2/NEMF and stalled 60S subunits have been published
(19-21). The structures suggest that Rqc2 recognizes the stalled 60S
subunit by simultaneously binding to the tRNA moiety of the stalled
peptidyl-tRNA and the 60S intersubunit surface. The Ltnl NTD
and C-terminal domain (CTD) both provide contacts within the
RQC; the NTD binds both Rqc2 and the 60S in the vicinity of the
sarcin-ricin loop (SRL) such that it would clash with the 40S subunit
if that subunit were present whereas the RWD domain binds
near the opening of the nascent chain exit tunnel (the RWD is a
domain structurally related to ubiquitin-conjugating enzymes
that is found in certain RING domain- or WD repeat-con-
taining proteins, and in DEAD-like helicases). Ltn1’s HEAT
repeat-containing middle region serves as a linker between
NTD and CTD bound to distal sites, providing an explanation
for size conservation among Ltnl orthologs. The cryo-EM
structures remain incomplete, however, with components still
missing and with several regions in which the resolution was
insufficient to resolve amino acid side chains.

Although studies with S. cerevisiae have enabled elucidation of
Ltn1’s function and the pathways in which it is involved, it is critical
to put the models derived from work using that system to test with
alternative approaches, such as biochemical reconstitutions in which
mechanisms can be examined. Along these lines, a robust RRL-based
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Fig. 2. Ltn1-mediated ubiquitylation of NSPs occurs on ribosomes. (A) Evidence for NSP ubiquitylation on ribosomes. Five hundred nanograms of fGFP-K12-
encoding mRNA was translated for 30 min in 50 pL of WT or Altn1 extracts. Reaction products were separated by centrifugation in 15-40% (wt/vol) sucrose
gradient; 20% of each fraction was analyzed by immunoblot against ubiquitin (Ub), flag, or the 60S ribosomal protein, Rpl3 (“Input”). The remaining material
from each fraction was used for denaturing flag IPs (as in Fig. 1B) and analyzed by immunoblot against Ub or flag. (B) Five hundred nanograms of fGFP-K12-
encoding mRNA was translated for 30 min in 50 pL of WT extract or in Altn1 extract supplemented or not with 40 nM recombinant yeast Ltn1 (WT or Ltn1-AR
mutant, as indicated). Reaction products were separated by centrifugation in 15-40% (wt/vol) sucrose gradient. Fractions were analyzed by immunoblot
against flag or Rpl3. (C) Evidence for tRNA-conjugated fGFP-K12 in ribosomal pellets. Two hundred nanograms of mRNA encoding fGFP-s or fGFP-K12
proteins were incubated with WT or Altn1 extracts (20 pL) for 30 min. Reaction products were separated by centrifugation on sucrose cushion; 40% of re-
covered supernatant (“S”) and 100% of resuspended pellet (“P") were separated by electrophoresis in Bis-Tris gel containing Mes buffer, pH 6.8 (conditions
under which peptidyl-tRNA is more stable) and analyzed by immunoblot against flag or Rpl3. Dashed lines indicate that lanes were removed from the original
image. (D) Ribosome-stalled but not free NSPs are modified by Ltn1. Three hundred nanograms of fGFP-K12-encoding mRNA were translated in 30 pL of
Altn1 extract for 30 min, followed by cycloheximide addition. To one set of reactions (lanes 1 and 2), fresh WT or A/tn1 extract was added (1:1) and incubated
for another 30 min before denaturing flag IP. In another set of reactions, products of the fGFP-K12 translation reaction in Altn1 extract were separated by
centrifugation on sucrose cushion. Supernatant and the resuspended ribosome-containing pellet were then incubated with fresh WT or Altn1 extracts in the
presence of cycloheximide, for 30 min before denaturing flag IP. The same amount of second extract was added to supernatant and pellet fractions. All
reactions (lanes 1-6) were equalized for ~20% (wt/vol) sucrose concentration. The IPed material was analyzed by immunoblot against Ub or flag.

translation and ubiquitylation system has been developed and used
to test the effect of mutations in mammalian listerin on ribosome-
associated quality control (20). Here, we present an in vitro system
enabling the study of S. cerevisiae Ltnl function using Neurospora
crassa extracts. In addition to exhibiting higher translation and
ubiquitylation activities compared with S. cerevisiae extracts, this sys-
tem offers the advantage that, unlike mammalian systems, Neuros-
pora can also be easily genetically manipulated, thus serving as a
source of extracts either cleanly lacking or overexpressing defined
components. Using this system, we show that ribosome-stalled
nonstop translation products (NSPs) become ubiquitylated in an
Ltnl-dependent manner while still ribosome-associated. Impor-
tantly, we provide biochemical evidence that Ltnl’s conserved

Doamekpor et al.

NTD is required for binding to 60S subunits, along with evidence
supporting the model that 60S association is required for Ltnl-
mediated NSP ubiquitylation. Finally, we provide a structural basis
for the observations reported here regarding Ltnl NTD mutations
by determining the crystal structure of the 45-kDa Ltnl NTD from
budding yeast at 2.4-A resolution. Modeling the Ltnl NTD into
RQC structures revealed a highly conserved, positively charged
surface that interacts with the phosphate backbone of the SRL,
mutation of which disrupts Ltn1 function. Despite conservation of
the Ltnl NTD among eukaryotes, comparison of yeast and mam-
malian RQC structures revealed differences in the extreme N ter-
minus that suggest that fungal and metazoan Ltnl proteins use
divergent mechanisms to interact with Rqc2.
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wv
=
o
a
w
<
=
o

BIOCHEMISTRY



L T

/

1\

=y

Results

Newly Synthesized NSPs Are Ubiquitylated in N. crassa Extracts in an
Ltn1-Dependent Manner. Neurospora extracts were used to study
the fate of newly synthesized nonstop translation products
(NSPs). We used templates for in vitro translation consisting of
sequences encoding a flag tag and the first 53 residues of GFP,
followed or not by four stop codons, and by a poly(A) tail of
defined length (36 adenines). Thus, translation of the nonstop
template resulted in as many as 12 lysines encoded by the poly(A)
tail becoming fused to the C terminus of flag-GFP (fGFP-K12)
(Fig. 14).

The control reporter f{GFP-s (“s” denoting the presence of stop
codons) and fGFP-K12 were synthesized at comparable levels in the
extracts (Fig. 1B). The anti-flag tag blot failed to reveal a slower
migrating ladder or smear associated with f{GFP-K12, which might
be indicative of ubiquitylation. The inability to detect such an obvi-
ous ubiquitylation signature could have been due to inefficient NSP
ubiquitylation, or to NSP deubiquitylation by ubiquitin proteases in
the extract. We thus used a more sensitive and commonly used
method to verify whether NSPs became ubiquitylated in Neurospora
extracts. The flag-tagged translational products of f{GFP-K12 and
FGFP-s were immunoprecipitated (IPed) with flag antibody under
denaturing conditions and analyzed by Western blot with anti-
ubiquitin antibody. The results in Fig. 1B show that the NSP reporter
fGFP-K12 was indeed ubiquitylated and that it was ubiquitylated to
a greater extent than the reporter containing stop codons.

To test whether ubiquitylation of f{GFP-K12 was Ltn1-dependent,
translation was carried out in extracts prepared from an Ltnl-
deficient isogenic strain (Alinl; N. crassa Ltnl is NCU06534). Al-
though reporter proteins were synthesized normally in N. crassa
extracts lacking Ltnl, ubiquitylation of NSPs was defective (Fig.
1B). Similar results were observed with two independently prepared
batches of extracts. We note that, under these conditions, we have
not observed a smear running immediately above the fGFP-K12
reporter band in either WT or Ltnl-deficient extracts, which might
be attributed to Rqc2-mediated C-terminal extension with alanines
and threonines (“CAT tails”) (21). Likewise, we have not observed
high molecular weight aggregates that could have been formed in a
CAT tail-dependent manner (22, 23) (e.g., see Fig. 1B).

The inability of Altnl extracts to mediate NSP ubiquitylation
might have been due to the presence of a frans-acting inhibitor;
however, arguing against this possibility, mixing Altnl and WT ex-
tracts at a 1:1 ratio did not prevent f{GFP-K12 ubiquitylation (Fig.
1C). Importantly, Altnl extracts were verified to be fully competent
for de novo ubiquitylation, as measured by the ability of exoge-
nously supplied GST-tagged ubiquitin to be ligated to unknown
proteins in the extract (Fig. 1D). Finally, to more decisively confirm
that the inability of Altnl extracts to promote ubiquitylation of
fGFP-K12 was due to the absence of Ltnl, we tested whether ad-
dition of Escherichia coli-expressed, recombinant budding yeast
(S. cerevisiae) Ltnl to the reaction would suffice to restore fGFP-
K12 ubiquitylation activity. The results in Fig. 1E show that full-
length Ltnl did in fact stimulate ubiquitylation of fGFP-K12 in
Altnl extracts; on the other hand, a mutated Ltn1 lacking the cat-
alytic RING domain (Ltn1-AR) that is deficient in E3 activity but
competent to bind to 60S subunits (2) failed to restore {GFP-K12
ubiquitylation under these conditions. Therefore, recapitulating the
in vivo results with budding yeast, Ltnl acts as the critical E3 me-
diating NSP ubiquitylation in Neurospora extracts.

Proteins encoded by normal, stop codon-containing mRNA, but
harboring sufficiently long internal polybasic tracts, have also been
characterized as Ltn1 substrates (11, 13). Thus, the ubiquitylation of
proteins harboring polybasic tracts was also examined in the Neu-
rospora system. Extracts were programmed with templates encoding
fGFP appended with a C-terminal tract of 12 Lys or Arg (or Glu as
negative control), followed by four stop codons (“s”). As predicted,
and further demonstrating the specificity of this in vitro system, f{GFP-
K12-s and fGFP-R12-s—but not fGFP-E12-s—became ubiquitylated
in an Ltnl-dependent manner (Fig. 1F).

E4154 | www.pnas.org/cgi/doi/10.1073/pnas.1605951113

Ltn1-Mediated NSP Ubiquitylation Occurs on Ribosomes. To provide
further evidence that Ltnl-mediated NSP ubiquitylation begins on
ribosomes, in one set of experiments, {GFP-K12 was translated in
WT or Alinl extracts and subjected to sucrose gradient sedimen-
tation. Analysis of the fractions (Fig. 24, Lower, “Input”) indicated
the greater presence of unmodified f{GFP-K12 in ribosomal frac-
tions in Altnl compared with WT extracts. Unmodified fGFP-K12
in ribosomal fractions was also observed in Altnl extracts supple-
mented with the recombinant, E3 ligase-deficient Ltn1-AR, but not
with Ltnl WT (Fig. 2B). Moreover, these results correlated with the
observation that greater amounts of tRNA-linked f{GFP-K12 were
present in ribosome-containing pellets after sucrose cushion cen-
trifugation of Altnl compared with WT extracts (Fig. 2C).

Individual fractions of the gradient shown in Fig. 24, Lower were
also analyzed for f{GFP-K12 ubiquitylation by carrying out denaturing
flag IP, followed by anti-ubiquitin blot (Fig. 24, Upper). The results
revealed that ribosome-cofractionating fGFP-K12 (fractions 5-8) was
ubiquitin-modified in WT but not the Alinl extract (Fig. 24, Upper)
[this finding is in contrast to the total ubiquitin signal in the input
fractions (Fig. 24, Lower), which was unaffected by the absence of
Ltnl]; this finding supports the model that Ltnl-mediated NSP
ubiquitylation occurs on ribosomes.

Notably, the majority of the ubiquitylated fGFP-K12 signal
was present in ribosome-free fractions at the top of the gradient
(Fig. 24, Top Left, fractions 1 and 2). Although this result is
consistent with the model that ubiquitylation stimulates the release
of stalled nascent chains from ribosomes (e.g., refs. 2, 11, 12, and 18),
these results could not rule out the alternative possibility that much
of f{GFP-K12 became ubiquitylated subsequently to being released
from ribosomes. To distinguish these possibilities, we developed a
different assay. We first verified that f{GFP-K12 synthesized in Aln!
extract could become ubiquitylated upon subsequent mixing with
WT extract providing Ltnl (in the presence of cycloheximide to
prevent new translation) (Fig. 2D, lanes 1 and 2). Next, fGFP-K12
synthesized in the Alml extract was subjected to centrifugation
through a sucrose cushion, and then the supernatant (containing
ribosome-free f{GFP-K12) and resuspended pellet (containing ribo-
some-bound fGFP-K12) were collected and incubated with WT
extract for ubiquitylation to proceed. The results show that ribo-
some-associated fGFP-K12 was readily ubiquitylated upon sub-
sequent mixing with WT extract (Fig. 2D, lane 5); in contrast, free
(and more abundant) fGFP-K12 present in the supernatant was not
ubiquitylated (Fig. 2D, lane 3). These results provide further evi-
dence that Ltnl-mediated NSP ubiquitylation requires NSP pre-
sentation on ribosomes and that it takes place on ribosomes as well.

Ltn1 Requires an Intact N Terminus for NSP Ubiquitylation. We next
began a structure—function analysis of Ltnl. In addition to the
C-terminal RWD and RING domains, Ltn1’s NTD is conserved
from yeast to humans (Fig. S1 and ref. 2). The requirement of an
intact NTD for Ltnl-mediated NSP ubiquitylation was therefore
tested in the Neurospora system. For this purpose, we used flag-
tagged WT yeast Ltnl (amino acids 1-1562) and an NTD-deleted
mutant (Ltn1-AN; amino acids 477-1562) that were both expressed
and purified from E. coli. Previous structural characterization had
revealed no obvious differences between Ltnl WT and Ltnl-AN
other than the absence of the deleted N-terminal region (7). Ltn1-AN
was as competent as the WT protein in mediating ubiquitylation in
the absence of added ribosomes or NSPs (Fig. 34) (these reaction
products presumably result from autoubiquitylation, based on
observations with several other E3 ligases under similar reaction
conditions, containing few pure components and no canonical
substrate). As shown in Fig. 3B (and in Fig. 1E), addition of
recombinant WT yeast Ltnl to a Almml extract restored fGFP-
K12 ubiquitylation, which required Ltnl’s RING domain. In
contrast, Ltn1-AN failed to restore fGFP-K12 ubiquitylation
under these conditions (Fig. 3B), despite the fact that the Ltnl-
AN mutant has an E3-active RING domain (Fig. 34).

We extended these analyses by testing the effects of mutating an
Ltnl NTD highly conserved residue (Ltnl T61A) (Fig. 3C). We
selected Thr61 (in the yeast numbering), based on the rationale that
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a hydrophilic residue would be more likely to be surface-exposed
(an expectation confirmed by the NTD structure presented fur-
ther below) and thus less prone to affect the domain’s overall
structure when mutated. Like the WT protein and the mutant
lacking the entire NTD, Ltnl T61A was competent for autou-
biquitylation (Fig. 34). Furthermore, like Ltn1-AN, Ltnl T61A
was less efficient in restoring fGFP-K12 ubiquitylation in a Altnl
extract (Fig. 3B). Thus, an intact NTD is required for Ltnl
function in NSP ubiquitylation.

Ltn1 NTD Mutations Interfere with 60S Binding. Ltn1 ubiquitylates
ribosome-stalled NSPs in an NTD-dependent manner (Fig. 3 and
ref. 24). Although predicted by the RQC structures, the NTD
requirement for Ltnl binding to the complex has not been ex-
perimentally tested. Because Ltn1 NTD mutants exhibited intact
autoubiquitylation activity, we tested whether their failure to
ubiquitylate NSPs was a consequence of defective 60S binding.

Flag-tagged WT or NTD mutant Ltn1 proteins were incubated
with Altnl Neurospora extracts and subjected to sucrose gradient
centrifugation. Fractions were collected and analyzed by anti-flag
immunoblot (Fig. 44). Ltnl-independent, flag cross-reacting bands,
present in Fig. 44, fractions 1-4, are marked with asterisks (see also
Fig. S2). As expected, Ltnl added to the Al extract was pre-
dominantly found in the 60S fractions (Fig. 44 and, e.g., refs. 2 and
11-13). Importantly, compared with Ltn1 WT, both Ltn1 T61A and
Ltnl-AN mutants exhibited decreased association with the 60S
fraction (quantitation for Ltn1 WT and T61A presented in Fig. 4B).

Defective cofractionation of Ltnl NTD mutants with 60S sub-
units was independently confirmed by assessing Ltn1’s ability to
co-IP with Rpl3 (Fig. 4C). Thus, these results suggest that Ltn1’s
conserved N terminus is important for RQC binding and, together
with the results in Fig. 3 that NTD mutants do not ubiquitylate
stalled NSPs, substantiate the model that NSP ubiquitylation is
mediated by Ltnl binding to stalled 60S subunits.

Structure of the Ltn1 N-Terminal Domain. Having found that an
intact Ltnl NTD was required for binding to 60S subunits and
stalled nascent chain ubiquitylation, we set out to further char-
acterize this function by determining the structure of the NTD
to elucidate positions for its conserved residues, including Thr61,
and how it interacts with the RQC complex. Limited prote-
olysis and N-terminal sequencing of full-length Ltnl and an

Ltn1 construct consisting of residues 1-440 enabled the identi-
fication of a stable domain that includes residues 13-424. Crystals
of Ltnl3 4,4 were obtained, and a structure was determined
using single-wavelength anomalous dispersion (SAD) with
selenomethionine-substituted (SeMet) protein (SI Experimental
Procedures). SeMet Ltnl 3 424 crystallized in space group P3,21
and contained one molecule in the asymmetric unit. The structure
included amino acid residues 14419 and was refined at 2.5-A
resolution to an Ryork/Reee Of 0.20/0.24 and with good stereo-
chemistry (Table 1). Native Ltnl;3 44 was solved by molecular
replacement using SeMet Ltn1 coordinates as a search model in
PHASER (25). Native Ltn1;;5 4,4 crystallized in space group P2,
contained two molecules in the asymmetric unit, and refined at
2.4-A resolution to an Ryor/Riee Of 0.18/0.21 and with good
stereochemistry (Table 1). Amino acids 14-420 were observed for
both protomers in the asymmetric unit.

The Ltnl NTD is predominantly composed of a-helices that
are arranged into HEAT repeats (Fig. 5). HEAT repeats consist of
two antiparallel a-helices that pack against each other in a repeating
array. Overall, the Ltn1 NTD adopts a slightly curved topology with
an outer and inner surface, an architecture frequently observed for
other HEAT repeat-containing proteins (26). Residues 14-242
form a globular subdomain containing an N-terminal region that
lacks a defined secondary structure, followed by four pairs of HEAT
repeats (Fig. 5). The most N-terminal residues in the structure
(residues 14-35) adopt a loop configuration that packs against he-
lices a5, a7, a8, all, and al2 through primarily hydrophobic inter-
actions mediated by Leul8, Val23, Ile25, Leu27, and Tyr29. This
globular subdomain is followed by an extended subdomain that
includes four canonical HEAT repeat pairs. Although the primary
sequence of the globular subdomain is conserved across evolution,
the sequence of the extended HEAT repeats is only weakly con-
served (7).

Budding yeast Ltn1 NTD adopts an overall fold similar to the
partial poly-alanine model of human listerin NTD (Fig. S3) that
was modeled based on electron density maps of the mammalian
RQC EM structure (20). Although the primary amino acid se-
quence was not assigned in the structure of the human protein
due to the relatively low resolution of the map in the NTD re-
gion, budding yeast Ltn1 NTD from residues 34-347 aligned well
with its human counterpart, with an rmsd of 2.4 A, enabling our
tentative assignment of amino acid positions within the human
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- 3 S.pombe EMIVIVKNLQKRDIVTKCRALQDLIQWN
Ub S. cerevisiae ELKLIFKSLLKRDETTKEKALMDLSNLI
et —— 40 N.crassa DVIVPFKNLLKRDSTTKSKALEEILACV
Flag (Ltn1
- g (Ltn1) -
10 ——
190 == - == F
120:]._ —_——=- |-—-—-—..____.--* ag (Ltn1)
Ve | |- |Faox

Fig. 3. Ltn1 requires an intact N terminus for NSP ubiquitylation. (A) The conserved Ltn1 N-terminal domain (NTD) is not required for autoubiquitylation

activity. In vitro ubiquitylation assay containing E. coli-expressed E1, E2 (Ubc4), GST-Ub, and C-terminal flag-tagged yeast Ltn1. The Ltn1 proteins used were
WT (amino acids 1-1562), NTD-deleted mutant (Ltn1-AN; amino acids 477-1562), T61A mutant, and RING domain-deleted mutant (Ltn1-AR; amino acids
1-1502). (B) An intact NTD is required for Ltn1 function in NSP ubiquitylation. fGFP-K12-encoding mRNA (500 ng; full-length GFP used) was translated in Altn1
extract [50 uL supplemented with 40 nM recombinant Ltn1 (WT or mutants, as in “A") for 30 min] and analyzed for ubiquitylation by denaturing flag IP as in
Fig. 1B. The control reaction in lanes 5 lacked fGFP-K12 template mRNA. (C) Alignment showing evolutionary conservation of Thr61 (bold, asterisk) and
neighboring residues (46-73 in yeast) in selected Ltn1 orthologs.
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Fig. 4. Ltn1 NTD mutations interfere with ribosome binding. (A) An intact
NTD domain is required for Ltn1 to cofractionate with 60S ribosomes as
measured by sucrose gradient centrifugation. Flag-tagged Ltn1 WT or NTD
mutants (40 nM) were incubated with 50 uL of Altn1 extracts for 15 min and
subjected to centrifugation on 10-30% (wt/vol) sucrose gradient. Fractions
were analyzed by immunoblot against flag, the 60S ribosomal protein Rpl3,
or the 40S ribosomal protein Rps8. Ltn1-independent, flag cross-reacting
bands present mostly in fractions 1-4 are marked with asterisks. (B) Graphic
representation of results in the Lower panels of A. (C) An intact NTD domain
is required for Ltn1 to co-IP with the 60S ribosomal protein Rpl3. Fifty mi-
croliters of Altn1 extract were incubated with flag-tagged Ltn1 WT or NTD
mutants (40 nM) for 15 min. Ltn1 was IPed with antibody against flag and IP
products analyzed by immunoblot against flag (Ltn1) or Rpl3. Dashed lines
indicate that lanes were removed from the original image.
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Ltn1 structure (Fig. S3). Human and yeast Ltnl aligned best
within the conserved globular domain whereas the extended
HEAT repeats diverged somewhat. Despite the similarities be-
tween human and yeast Ltnl NTD structures, fungal Ltnl pro-
teins differed in sequence and structure at their extreme N
termini compared with higher eukaryotes (Fig. S3B). Human
listerin has an additional 18 unique residues at its N terminus,
and, in the human Ltn1 structure, residues 13-27 adopt a loop-
a-helix structure that is not observed in the overall fold of yeast
Ltnl NTD (Fig. S34). Conversely, although the loop made up of
residues 14-35 in yeast Ltnl seems part of the globular sub-
domain, this loop conformation is not observed in the human
NTD structure.

E4156 | www.pnas.org/cgi/doi/10.1073/pnas.1605951113

Ltn1 Recognition of the 60S Component of the RQC. The NTD of
human and yeast Ltn1 orthologs directly contact components of the
RQC complex (19, 20, 24) and has been shown to be important for
proper function of human Ltn1 with respect to stalled polypeptide
ubiquitylation (20). The data in Fig. 4 show that the yeast Ltnl
NTD is important for association with ribosomes. To obtain higher
resolution details on how Ltnl binds to the RQC complex, we
placed coordinates from the EM structure of the yeast 60S ribo-
somal subunit (PDB ID code 4V8T) and the Ltnl NTD crystal
structure generated here into EM maps of the yeast RQC by rigid
body fitting. The Ltnl NTD and the 60S ribosome fit well into the
electron density and superposed with the orthologous proteins from
the mammalian RQC structure (Fig. 64 and Fig. S4). As observed
with the mammalian RQC (20), the Ltn1 NTD globular subdomain
interacts with the SRL of the 23S rRNA (Fig. 6 B and C). The
remaining NTD HEAT repeats extend away from the 60S

Table 1. Crystallographic data and refinement statistics
Dataset Native SeMet
Data collection*
Source APS 24IDC APS 24IDC
Wavelength, A 0.979 0.979
No. of crystals 1 1
Space group P2, P3,21
Cell dimensions
ab,c, A 88.51, 80.35, 97.33 58.1, 58.1, 347.1
o,B,y, ° 90, 116.58, 90 90, 90, 120
Resolution, A 44.3-2.41 (2.49-2.41)  49.8-2.55 (2.64-2.55)
Completeness, % 98.0 (91.0) 99.0 (100.0)

Total reflections
Unique reflections

150,619 (12,207)
46,438 (4,285)

221,836 (18,312)
23,371 (2,261)

Wilson B-factor 47.3 58.8
Redundancy 3.2 (2.8) 9.5 (7.9)
Rmerger % 6.1 (41.6) 7.9 (56.8)
CCipa, % 99.8 (81.0) 99.9 (94.5)
CC*, % 100.0 (94.6) 100.0 (98.6)
<I>/s(l) 11.6 (2.3) 21.5 (3.5)
FOM (Phaser — 4 Se) 0.19
FOM (Resolve) 0.53

Refinement*
Resolution, A
No. of reflections

(work/free)
Rwork/Rfree: %

44.3-2.41 (2.49-2.41)
44,530/1,880

49.8-2.55 (2.64-2.55)
22,174/1,152

17.6 (24.5)/21.2 (29.4) 20.2 (28.6)/24.3 (28.4)

No. of atoms 6,770 3,333
Protein 6,587 3,301
Ligand 14 1
Water 169 31

Average B-factors, A2 58.6 89.0
Protein 58.9 81.1
Ligand 58.4 75.7
Water 47.8 65.9

rmsd
Bond lengths, A 0.002 0.004
Bond angles, ° 0.61 0.70

Molprobity™
Favored, % 96.1 (778) 95.3 (385)
Allowed, % 100.0 (810) 100.0 (404)
Outliers, % 0.0 (0) 0.0 (0)

Clash score 100th percentile 100th percentile

Molprobity score 100th percentile 100th percentile

PDB code 5FGO 5FG1

*Statistics were calculated using Phenix (25); highest shell is indicated in
parentheses; Friedel mates were averaged when calculating reflection
statistics.

TCalculated with the program Molprobity (26).

Doamekpor et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1605951113/-/DCSupplemental/pnas.201605951SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1605951113/-/DCSupplemental/pnas.201605951SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1605951113/-/DCSupplemental/pnas.201605951SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1605951113/-/DCSupplemental/pnas.201605951SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1605951113

L T

z

D\

Gad2- %
N ~ £ .
Lm0 G e 6D
Ao AR o( w e =y 4
¥ e m G WS So G4 5426 7 f @?
@2 inper M G165 faga q*‘fo, :as 8 3
{ Y- 2 —5 v 4 a ?
P ﬁﬁ@. a"f _325 € a a6 519\
51 | ',:Fagf < \.
(T o9 c

Globular domain Canonical HEAT repeats Globular domain Canonical HEAT repeats

.
A

Fig. 5. Structure of the N-terminal domain of Ltn1. (A) The structure of the
Ltn1 NTD depicted as a schematic model in two orientations. Helices are
labeled from a1 to a24, N and C termini are labeled N and C, respectively.
The N-terminal globular domain and C-terminal canonical HEAT repeat re-
gions are indicated. (B) Surface representation of Ltn1 with the sequence
conservation mapped onto the surface. (C) Surface representation of Ltn1
with the electrostatic potential mapped onto the surface, with blue and red
indicating positive and negative potential, respectively.

ribosomal surface and terminate at the hinge point between the

NTD and the elongated middle domain of Ltnl (Fig. 64).
Alignment of the primary sequence of Ltnl orthologs reveals

at least two main regions of high conservation on the Ltnl surface
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between residues 49-64 (helices a2-a3) and 202-211 (helix al3)
(Fig. 5B and Fig. S3B). In the model, conserved residues from
Glu202 to Val211 are not involved in direct interactions with the
60S subunit whereas the other conserved region that includes resi-
dues Leud9 to Lys64 forms an a-helix-loop-o-helix element that
directly contacts the SRL (Fig. 6B). The surface formed by the latter
residues includes a positively charged patch in addition to other
residues that could provide hydrogen bond donor/acceptor pairs
and that are in suitable positions to make contacts with the phos-
phate backbone moieties of SRL nucleotides 3022-3028 (Fig. 6 B
and C). The e-amino group of Ltnl Lys52 is within hydrogen-
bonding distance to the phosphate backbone of A3024. Lys56 is also
proximal to this position although it could also contact the phos-
phate backbones of U3023 and G3028. The Arg57 guanidinium
group is buttressed by Tyr198 and is proximal to the G3028 back-
bone phosphate whereas Asp58 is proximal to the G3028 ribose.
Supporting the functional analysis described above, we observed
that the hydroxyl groups of Thr60 and Thr61 and the Lys64 side
chain are proximal to the backbone phosphate of G3022 whereas
Leu49 is within van der Waals (VDW) distance of His96 of the
RPLS ribosomal subunit. These residues are highly conserved from
yeast to mammals, indicating that yeast and mammalian Ltnl use a
similar mechanism to directly engage the 60S ribosome.

To probe the importance of the aforementioned contacts in
the NTD, we generated structure-guided NTD mutations within the
context of recombinant, full-length Ltnl harboring a Flag tag at the
C terminus and examined their effect both on ribosome binding and
on ubiquitylation of a stalled nascent chain reporter substrate using
the in vitro N. crassa system as described in Newly Synthesized NSPs
Are Ubiguitylated in N. crassa Extracts in an Linl-Dependent Manner.

The relative efficiency of ribosome binding by Ltnl mutants
was evaluated using limiting amounts of recombinant Ltnl pro-
teins mixed with Almnl extracts and centrifuged over a sucrose
cushion. The results in Fig. 74 show that, in this assay, the RS7A
and T61A mutants exhibited decreased binding to ribosomes, as
revealed by the presence of a higher fraction of those proteins in
the postcentrifugation supernatant compared with WT Ltnl. The
effect of mutating Arg57 was more modest than mutating Thr61,

Fig. 6. Model for interactions between the Ltn1
NTD and 60S component of the RQC. (A) Schematic
representation of the yeast RQC structure depicting
the region where yeast Ltn1 (salmon) contacts the
60S ribosome. The sarcin-ricin loop (SRL) is colored
orange, and Rpl8A is colored light blue. The EM map
of the yeast RQC (EMD-6170) contoured to 1.5¢ is
displayed in blue showing the fit of the yeast 60S
coordinates (PDB ID code 4V8T) and yeast Ltn1 NTD
into the maps. The same model is displayed in the
Right panel oriented 90° from the view shown in the
Left panel. (B) Close-up of the interface of the SRL
(orange) and Rpl8A (blue) with Ltn1. Ltn1 is shown
as a diagram colored from teal to purple by the
degree of sequence conservation (low to high). Ltn1
residues that contact the SRL and Rpl8 are shown as
sticks, and the position of Rqc2 is shown as a dia-
gram in green. (C) Same as in B but with the elec-
trostatic potential mapped onto the surface of Ltn1.
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Fig. 7. Effect of mutations in Ltn1’s SRL-binding surface on ribosome binding and nascent chain ubiquitylation. Dashed lines indicate that lanes were re-

moved from the original image. (A) Mutations in Ltn1’s SRL-binding surface affect ribosome binding as measured by sucrose gradient centrifugation. Flag-
tagged Ltn1 WT or NTD mutants (R57A or T61A) were incubated with A/tn1 Neurospora extract and subjected to centrifugation on sucrose cushion, as
described in S/ Experimental Procedures. Input, supernatant, and pellet were analyzed by immunoblot against Flag (Ltn1), the 60S ribosomal protein Rpl3, or
the cytosolic protein Pgk1. Ltn1-independent, anti-Flag antibody cross-reacting bands are marked with asterisks. (B) Mutations in Ltn1’s SRL-binding surface
affect stalled nascent chain ubiquitylation. Stalling reporter-encoding mRNA was translated in Altn1 extract supplemented or not with recombinant Ltn1 (WT,
R57A mutant, or T61A mutant) and analyzed for ubiquitylation by denaturing IP (see also Fig. S5). Immunoblots were against Flag (Ltn1), Ubiquitin (Ub), and
GFP (stalling reporter). (C) As in A, except that Ltn1 R57A and D68A mutants were analyzed. (D) As in B, except that Ltn1 R57A and D68A mutants were
analyzed, the “no template mRNA" control is shown, and the WT extract was also used as positive control.

perhaps due to the presence of several other basic residues in
this SRL-interacting patch.

We next investigated the extent to which the effect of Ltnl
mutations on ribosome binding correlated with defects in ubig-
uitylation of ribosome-stalled nascent chains. For this purpose,
Altnl Neurospora extracts were mixed with Ltn1 WT or mutant
proteins and programmed to translate the fGFP-K12 mRNA
template (nonstop reporter). As in the experiments described in
Figs. 1 and 2, in WT extract, but not Almnl extract, nonstop re-
porter protein was ubiquitylated (see also Fig. S5, lanes 1 and 2).
Reporter ubiquitylation could be restored in the Altnl extract by
addition of recombinant WT yeast Ltnl, but not by a Ltnl mu-
tant lacking the RING domain (Ltnl ARING) (Fig. S5, lanes 3
and 4). Ubiquitylation defects were apparent for the Ltnl R57A
and, to a greater extent, Ltn1 T61A mutants (Fig. 7B), consistent
with the importance of these conserved residues for mediating
direct interactions with the 60S subunit (an additional mutation,
K64A, yielded more modest and variable defects in this assay).
We also tested the effect of mutating Asp68, whose negative
charge is conserved among Ltn1 orthologs. Surprisingly, the Ltn1
D68A mutant seemed to exhibit improved binding to ribosomes
compared with WT Ltnl and was fully competent for reporter
ubiquitylation (Fig. 7 C and D, respectively). One possibility to
explain this observation is that the negative charge helps mod-
ulate Ltn1-60S binding toward an optimal, rather than maximal,
extent by neutralizing the positive charge in the neighboring
basic patch. For comparison, substitution of additional selected
conserved residues that are exposed elsewhere on the NTD

E4158 | www.pnas.org/cgi/doi/10.1073/pnas.1605951113

surface (Ltnl K130A, E202A, and E205A mutants) revealed no
obvious consequence in these assays (Fig. S5, lanes 5-7).

Ltn1 Interaction with Rqc2. Rqc2 increases association of Ltnl to
the RQC complex and enhances ubiquitylation of stalled nascent
chains (11, 12). In the RQC, Ltnl and Rqc2 interact with each
other near the SRL in a position such that surfaces important for
40S ribosomal subunit association become sterically occluded
(19, 21). We placed a model of S. cerevisiae Rqc2 [obtained using
the coordinates of human Rqc2 (NEMF)] into the yeast RQC
maps using rigid body fitting. S. cerevisiae Rqc2 adopts a position
similar to that observed for human Rqc2 in the mammalian RQC
structure (Fig. 84 and Fig. S4B). Based on the cryo-EM struc-
tures, Rqc2 consists of an N-terminal NFACT-N domain that is
believed to recruit Ala- or Thr-tRNA to the A site for CAT tail
synthesis, and an additional density (that may include NFACT-R
and perhaps also NFACT-C domains) that contacts the stalled P
site tRNA (20, 21). Coiled-coils extend from these domains and
connect them to a globular middle domain (M-domain) that
makes multiple interactions with Ltn1, the SRL, and the P stalk
of the 60S ribosome (20).

Although it is clear that the ability of Ltn1 to interact with the
60S ribosome and Rqc2 components of the RQC is shared
among eukaryotes, the Ltn1-Rqc2 interaction surface does not
seem to be fully conserved. S. cerevisiae Ltnl residues 30-36,
which form an interaction interface for Rqc2, are strongly con-
served in fungi and less conserved in higher eukaryotes (Fig. 8D
and Fig. S3B). Furthermore, there seems to be no structural
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Fig. 8. Model for interactions between Ltn1 and
Rqc2. (A) Schematic representation of the in-
teraction of yeast Ltn1 (salmon) with a model of
yeast Rqc2 (green) and the SRL. The EM map of the
yeast RQC (EMD-6170) contoured to 1.5¢ is displayed
in blue showing the fit of the proteins in the maps.
(B and C) Comparison of the Ltn1-Rqc2 interface
and the Ltn1 N termini in yeast versus mammals.
(B) Schematic representation of yeast Ltn1 (salmon)
and Rqc2 (green). The EM map of the yeast RQC
contoured to 1.5¢ is displayed in blue, and Ltn1
residues 14-35 are colored red, highlighting the
presence of electron density for this region. The
position of the extreme N-terminal helix (orange) of
the human Ltn1 NTD based on an alignment with
the yeast RQC is indicated by an arrow demonstrat-
ing the lack of electron density in this region of the

(SLF)
\(/ « hLtn1

73 ‘—, P g s map. (C) Schematic representation of the human
% " ] 1 4 i =sanm Ltn1 (orange) and Rqc2 (teal) interface (PDB ID code
hLtn1 ) ! - 3J92) with the EM map from the mammalian RQC

(EMD-2832) contoured at 1.56. The position of the
extreme N terminus from yeast Ltn1 is shown in red,

D and the human Ltn1 extreme N terminus is indicated
al by an arrow. (D) Secondary structure-based sequence
Ltn1 alignment of the N-terminal residues from yeast and
S.cerevisiae 1 —-ooooooooo MEFGGINTFQQYNTDLG- - LEHNGVR ISENFF DGLEPSLLNER 41 metazoans. Conserved residues are highlighted in
K.lactis 1 emcemccccccmccao MEFN-TNVFTDSSSELG- - LIGYNGVKVTNIFDGLEIL---QNV 38 K
K.pastords 1 -cisiocoiusciilinmuas nalil MNPFNSAATLETNGFEVSANMFTGI|)I---NTH 31 black (highly conserved) and gray (moderately con-
N.Crassa 1 --coommmmmmmmmmmmmmmmo MK[FGGF G S GELHG. ASPSPgAPPIIL -~ - -5 32 i
S.pombe MAKKSTDLYGREKNPGMQSMSGSFSSLQ) LDERSEINFSTIYEP L - - -~ 47 served). The Secondary Struc‘_ture Of yeaSt Ltn1 is
G.gallus 1 MGGKNKQRTI{GNVRPS SEGRAAELLAERGVP crfHolInMGIRYPAVOGAEEIDIIA 60 shown above the sequence alignment whereas that
M.musculus 1 MGGKNKQRT)AGNLRPSNEGRAAELLAIMEQ GHV P G THED)AGY4UPAVOGAED I D 60 . .
H.sapiens 1 MGGKNKQRT|[4GNLRPSN[JGRAAELLA{EQ P| crEHoloicrglipa10cAEEIDER 60 of the human structure is shown below. Ltn1 resi-

aA

equivalent for this interaction when RQC complexes are com-
pared. Electron density is present for the N-terminal yeast Ltnl
residues in the yeast RQC complex (Fig. 8B), but no electron
density is evident in this region in the human RQC complex (Fig.
8C). Perhaps in lieu of this interface, metazoan Ltnl residues
13-27 adopt an o-helix conformation that makes contacts with
both Rqc2 and ribosomal subunit eL40, on the opposite surface
of Rqc2 from where Ltnl contacts Rqc2 in the yeast complex
(Fig. 8C). This Ltnl helix has been shown to be important for
function in mammals but seems to be absent in yeast because
there is neither sequence conservation nor electron density in the
same position in the yeast RQC EM maps (Fig. 8B). Therefore,
metazoan listerin seems to have evolved a unique manner to
interact with its Rqc2 ortholog.

Discussion

Here, we present genetically modified Neurospora extracts as a
system to study RQC and use this system to provide biochemical
evidence that Ltnl’s conserved NTD is required for binding to
60S subunits. Importantly, we determined the 2.4-A X-ray crystal
structure of the Ltn1 NTD; by modeling the NTD structure onto
available lower resolution RQC complex structures, we now
provide more detailed information on how Ltnl interacts both
with the 60S subunit and with its RQC complex cofactor, Rqc2.
Finally, we present evidence supporting the model that 60S as-
sociation is required for Ltnl-mediated ubiquitylation of stalled
nascent chains, which we also show as taking place on ribosomes.

A New System to Study Ribosome-Associated Quality Control. We
describe a system enabling elucidation of mechanisms underlying
the fungal Ltnl pathway using translation- and ubiquitylation-
competent Neurospora cell-free extracts. Importantly, Neurospora
can be manipulated genetically with relative ease, allowing one
to generate custom extracts that are cleanly altered for specific
factors of interest. Indeed, using WT and Altnl extracts, we were
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able to reconstitute essential features of the Ltnl pathway elu-
cidated in previous studies and to biochemically substantiate
aspects of the proposed model of Ltn1 function. We first showed
that NSP ubiquitylation was defective in Altnl extracts. Adding
power to the analyses, it was possible to rescue the defect by
adding to the reaction recombinant yeast Ltnl purified from
E. coli. Finally, we have also been able to use this system to
provide direct physical evidence for an important role for Ltn1’s
conserved NTD in 60S binding and substrate targeting.

A Structural Basis for Ltn1 NTD Interactions with the Ribosome. Cryo-
EM structures of Ltnl/listerin in complex with other RQC sub-
units and the stalled 60S show that Ltnl is an extended molecule
spanning the distance from the vicinity of the intersubunit surface to
the opening of the ribosomal exit tunnel (19-21), as we had pre-
viously proposed (7). Furthermore, those structures show that
Ltn1’s conserved NTD and CTD domains bind to other compo-
nents of the complex, with the NTD binding directly both to the 60S
subunit near the SRL, as well as to the Rqc2/NEMF subunit.

Accordingly, in the work presented here, we observed a re-
quirement for the Ltnl NTD in 60S association. Furthermore,
mutation of the conserved Ltnl Thr61 residue was sufficient to
cause defects in both complex binding and NSP ubiquitylation.
At the resolution of the RQC complex cryo-EM structures that
have been solved, it had not been possible to assign specific
function to the conserved NTD residues, so the exact role of the
Ltnl Thr61 residue was not clear. The crystal structure reported
here, analyzed in conjunction with the cryo-EM structures of
RQC complexes from human and yeast, sheds additional light
on NTD function. Among other findings, it shows that the Thr61
side chain hydroxyl group is indeed proximal to the SRL of the
60S subunit,

The 2.4-A X-ray crystal structure of the yeast Ltn1 NTD has
revealed that Thr61 belongs to a conserved surface. Although
interactions with the SRL of the 60S subunit provide a plausible
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explanation for the conservation of such a surface, the structure
revealed additional conserved surfaces on the Ltnl NTD, which
warrant further investigation because they suggest alternative
strategies that Ltn1l may use for stable association with the RQC;
alternatively, these surfaces may be conserved for other functions.

Comparison of the yeast Ltnl NTD with the analogous do-
main of human listerin showed similarity throughout most of the
structure although it is clear that the extreme N-terminal seg-
ments differ in primary amino acid composition (human listerin
includes an additional ~15 aa), structure, and function. Although
human listerin includes an amphipathic helix that tucks under
human Rqc2, this element is not apparent in the EM density of
the yeast complex, and yeast Ltnl seems to have a unique
N-terminal segment that packs into the Ltnl globular domain
near the interface with yeast Rqc2. Although our structure of
S. cerevisiae Ltn1 does not include the N-terminal 12 amino acids,
sequence comparison with the human protein does not reveal
significant similarity in this region, consistent with the model that
yeast Ltnl does not use an N-terminal helix for interaction with
Rqc2. This latter point is also supported by the apparent lack of
electron density for this segment in a higher resolution EM
structure of yeast Ltnl in complex with the RQC (21).

In contrast to the results presented here with yeast Ltn1, neither a
triple mutation of conserved human listerin NTD residues nor de-
letion of most of the NTD affected NSP ubiquitylation in the
mammalian system; it was only when NTD and CTD mutations
were combined that a defect in NSP ubiquitylation was observed
(20). It remains to be determined whether the stronger dependency
on the Ltnl NTD that we observed results from innate differences
between the fungal and mammalian systems, such as the structural
differences described in the preceding paragraph, or whether this
dependency is due to differences in the sensitivities of the
assay procedures.

Ribosome-Associated Ubiquitylation. We provide here two lines of
evidence supporting the model that stalled nascent chains are
presented to Ltnl and become ubiquitylated while still associ-
ated with the 60S subunit. First, we demonstrated a requirement
for NSP presentation on ribosomes in order for Ltnl-mediated
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ubiquitylation to take place because Ltnl was unable to ubig-
uitylate NSPs when mixed subsequently with NSPs that had been
released from ribosomes. Second, we generated Ltnl NTD
mutants that are defective in 60S binding and showed that these
NTD mutations impaired NSP ubiquitylation. Ltn1’s ability to
target its protein quality control substrates while the latter are
still 60S-associated ensures that aberrant proteins are marked for
degradation before being released in the cytosol, where they
might escape proteolysis and engage in detrimental interactions.
Furthermore, by using 60S subunits as adapters, Ltnl is able to
target a large variety of nascent polypeptides that can become
stalled during translation. These findings contribute toward our
understanding of how E3s that function in protein quality control
are able to recognize heterogeneous substrates—an important,
yet unresolved, problem.

Experimental Procedures

In vitro translation with Neurospora extracts, preparation of recombinant
yeast Ltn1, Ltn1-ribosome binding assays, denaturing IP, analysis of peptidyl-
tRNA conjugates, an in vitro ubiquitylation assay with recombinant proteins,
and protein crystallization are described in S/ Experimental Procedures.
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